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Abstract
Parkinson’s disease (PD) is associated with motor and non-motor rigidity symptoms (e.g., 
cognitive and personality). The question is raised as to whether rigidity in PD also extends to 
perception, and if so, whether perceptual, cognitive, and personality rigidities are correlated. 
Bistable stimuli were presented to 28 non-demented individuals with PD and 26 normal control 
adults (NC). Necker cube perception and binocular rivalry were examined during passive viewing, 
and the Necker cube was additionally used for two volitional-control conditions: Hold one percept 
in front, and Switch between the two percepts. Relative to passive viewing, PD were significantly 
less able than NC to reduce dominance durations in the Switch condition, indicating perceptual 
rigidity. Tests of cognitive flexibility and a personality questionnaire were administered to explore 
the association with perceptual rigidity. Cognitive flexibility was not correlated with perceptual 
rigidity for either group. Personality (novelty seeking) correlated with dominance durations on 
Necker passive viewing for PD but not NC. The results indicate the presence in mild-moderate PD 
of perceptual rigidity and suggest shared neural substrates with novelty seeking, but functional 
divergence from those supporting cognitive flexibility. The possibility is raised that perceptual 
rigidity may be a harbinger of cognitive inflexibility later in the disease course.
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1. Introduction
Parkinson’s disease (PD) has primarily been conceptualized as a movement disorder, as it is 
characterized by tremor, motor rigidity (e.g., axial rigidity, decreased arm swing and stride 
length, lack of spontaneous eye movement), bradykinesia, and postural instability. As an 
example of the increasing emphasis on non-motor as well as motor symptoms (reviewed in 
Cronin-Golomb, 2013), PD has been described as producing “rigidity” across motor, 
cognitive, and personality domains (Cools, van den Bercken, Horstink, van Spaendonck, & 
Berger, 1984; Cools, Barker, Sahakian, & Robbins, 2001; personality changes reviewed in 
McNamara, 2011). Specifically, those with PD are unable to shift their current behaviors to 
consider the best response consistent with environmental demands. An empirical question is 
whether this shifting deficit in PD also extends to perception. Bistable stimuli are useful 
tools to investigate how the perceptual system selects a particular interpretation to be 
represented in awareness and provide the opportunity to examine whether PD is associated 
with perceptual rigidity; that is, the inability or slowness to consider both perceptual 
interpretations while observing a bistable stimulus.
Under certain conditions, the visual system cannot reach one particular perceptual 
interpretation and vacillates between two competing, equally possible percepts. Leopold and 
Logothetis (1999) proposed an “environment explanation” theory purporting that perceptual 
reversals during ambiguous perception are the necessary consequences of a generalized 
high-level exploratory mechanism that directs attention in a way that forces low-level 
perceptual systems to periodically refresh. Due to the ambiguity of the stimulus, the visual 
scene requires continual exploration, and reversals in perceptual interpretation consistently 
occur. This selection theory suggests that attention-related frontal-parietal areas are 
responsible for initiating perceptual alternations by sending top-down signals to guide 
activity in visual cortex toward one representation or the other. Fronto-parietal activation 
during bistable perception has been supported by imaging studies using ambiguous figures 
and binocular rivalry paradigms (Amir, 2007; Blake & Logothetis, 2002; Britz, Landis, & 
Michel, 2009; Knapen, Brascamp, Pearson, van ee, Blake, 2011; Sterzer & Kleinschmidt, 
2007; Weilnhammer, Ludwig, Hesselmann, Sterzer, 2013; Wilcke, O’Shea, & Watts, 2009). 
PD affects the cortico-striato-thalamocortical circuitry including connections to frontal and 
parietal cortices (for reviews see Christopher & Strafella, 2013; Tinaz, Courtney & Stern, 
2011), raising the question of whether there is perceptual rigidity in PD; that is, how 
individuals with this disorder perceive bistable figures and experience binocular rivalry.
Researchers have explored the implications of compromised frontal functioning on 
perceptual ambiguity in other clinical groups, including patients with frontal-lobe damage 
and schizophrenia (McBain, Norton, Kim, & Chen, 2011; Ricci & Blundo, 1990; 
Windmann, Wehrmann, Calabrese & Gunturkun, 2006). Studies describing the role of the 
frontal lobes in bistable perception found that patients reported significantly fewer reversals 
when passively viewing a bistable figure when compared to a healthy control group 
(Yacorzynski & Davis, 1945) and compared to patients with posterior (parietal) lobe damage 
(Ricci & Blundo, 1990). McBain and colleagues (2010) reported that individuals with 
schizophrenia, a psychiatric disorder with known frontal-lobe compromise, were unable to 
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hold one particular face of the Necker cube compared to a matched control group. These 
studies suggest that poor performance on bistable perception might be considered a frontal 
sign.
Windmann and colleagues (2006) expanded earlier findings with patients with frontal-lobe 
damage by using multiple bistable visual stimuli, including the Necker cube, and two 
volitional-control conditions in addition to passive viewing: Hold one percept as long as 
possible, and Switch between the two percepts as quickly as possible. The investigators 
predicted group differences if the prefrontal cortex subserved the stabilization of a dominant 
percept (Hold) and if it subserved the selection among competing inputs and the promotion 
of perceptual alternations consistent with goals (Switch). They found that compared to a 
healthy control group, the patients’ passive viewing and ability to hold a percept were not 
impaired, but they were less able to intentionally switch between percepts. Windmann and 
colleagues suggested that the patients’ impairment in the Switch condition could have 
resulted from a reduced ability to intentionally “let go” of the dominant pattern, which was 
hypothesized to be a consequence of set-shifting deficits (i.e., cognitive inflexibility). In a 
study of PD that required a decision on whether an image was monostable and bistable, the 
subgroup of individuals who made monostable-bistable distinction errors performed 
significantly more poorly on a measure of attentional set-shifting, the Trail Making Test (B-
A), than the subgroup who performed the bistable-image assessment in the normal range 
(Shine, Halliday, Carlos, Naismith & Lewis, 2012), suggesting that in PD, there may be 
difficulties in switching between percepts as well as in cognitive switching. A recent 
imaging study has implicated frontal and parietal hubs of the dorsal attentional network in 
the ability of those with PD to successfully perform this same behavioral task (Shine et al., 
2014). In conjunction with known dysfunction of fronto-parietal attentional networks in PD, 
the results of these studies together suggest that the perception of bistable images may be 
compromised in this neurological disorder.
The aims of the present study were to assess whether rigidity extends to perception in non-
demented individuals with PD and whether this perceptual rigidity (if it exists) is associated 
with other rigidity symptoms in PD—specifically, in cognition and personality. Performance 
of individuals with PD and healthy age-matched adults was compared under three conditions 
using two bistable stimuli. Necker cube perception and binocular rivalry were examined 
during passive viewing, and the Necker cube was additionally used for the two volitional 
control conditions: Hold and Switch. The main hypothesis was that relative to a control 
group, those with PD would show a reduced ability to volitionally switch between the two 
possible percepts; that is, they would demonstrate rigidity by holding any one percept for 
longer than would a normal control group.
2. Materials and Methods
2.1. Participants
The study included 28 participants with idiopathic PD and 26 age-and education-matched 
normal control adults (NC). Participants with PD were recruited from the Parkinson’s 
Disease Clinic at the Boston Medical Center, the Michael J. Fox Foundation Trial Finder, 
and through local PD support groups. The NC group was recruited from local PD support 
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groups, the Fox Trial Finder, and the community. Potential participants were interviewed 
about their medical history to rule out confounding diagnoses such as stroke, head injury, 
and serious medical illness (e.g., diabetes). No participant had undergone surgery affecting 
the thalamus, basal ganglia, or other brain regions. As part of a larger parent study on 
perception, cognition, and gait in PD, all participants underwent detailed neuro-
ophthalmological examination at the New England Eye Institute in Boston. None of the 
participants was found on exam or by history to have any ocular illnesses or abnormalities 
that would have influenced performance on the visually-presented measures of interest. 
Participant characteristics are provided in Table 1.
Groups were matched for age, education, and ratio of women to men. All participants were 
non-demented as indexed by their scores on the modified Mini-Mental State Examination 
(mMMSE, Stern, Sano, Paulson, & Mayeux, 1987; cut-off score converted to standard 
MMSE of 27). The two groups significantly differed in their depressive and anxiety 
symptoms as measured by the Beck Depression Inventory-2nd Edition (BDI-II) (Beck, Steer, 
Ball, & Ranieri, 1996), the Geriatric Depression Inventory (GDS) (Yesavage et al., 1982) 
and the Beck Anxiety Inventory (BAI) (Beck, Epstein, Brown & Steer, 1988). PD 
participants were staged according to the Hoehn & Yahr scale of motor disability (Hoehn & 
Yahr, 1967). Disease severity was determined with the use of the Unified Parkinson’s 
Disease Rating Scale (UPDRS, Fahn & Elton, 1987). All PD participants were taking 
medication for their parkinsonian symptoms and at the time of testing were in their “on” 
period (Levodopa equivalent dosage [LED] mean: 474 [298] mg/day).
2.2. Materials and procedures
2.2.1 Necker cube—A right-face forward-down Necker cube was presented on a white 
background in the center of a 21-inch LCD monitor (Figure 1; width = 8° of visual angle). A 
fixation cross was presented in the center of the cube. Observers were instructed to maintain 
fixation throughout each 60-s trial and to avoid eye movements. We tracked eye movements 
with an Applied Science Laboratories (ASL) eye tracking system. The model D6 camera 
array was placed underneath the stimulus monitor and used infrared light to discern the pupil 
and corneal reflection. The reflections at these two points were constantly monitored 
through EyeTrac software and remote head tracking software and hardware. The camera had 
a sampling rate of 60 Hz, and the system used an ASL EYE-TRAC 6 Control unit (system 
accuracy is 0.5° of visual angle, and resolution is 0.25°). We were unable to collect reliable 
eye tracking data from all participants for reasons including bumpy sclera, or small pupils or 
eyes; 17 PD and 15 NC provided reliable data. Participants with eye-tracking data did not 
significantly differ in demographic characteristics or performance on the Necker cube 
experiments from those participants who did not have (reliable) eye-tracking data.
2.2.2. Binocular Rivalry—We investigated whether the hypothesized perceptual rigidity 
in PD is reflected in the perception of low-level ambiguous stimuli, in addition to high-level 
ambiguous figures such as the Necker cube. Binocular rivalry has been routinely used to 
explore how automatic, stimulus-driven information dictates what the brain reports as 
conscious perception (Blake, 2001; Blake & Logothetis, 2002; Leopold & Logothetis, 1996; 
Meng & Tong, 2004). It is produced by simultaneously presenting two dissimilar images, 
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one to each eye. Each image competes for perceptual dominance: one image dominates for a 
few seconds to later be suppressed while the other image dominates for a few seconds. In the 
present study, sine-wave luminance gratings were presented to both eyes using a mirror 
stereoscope (Figure 2). The two oblique gratings, one oriented at 45° and the other at 135°, 
were counterbalanced for presentation to each eye. The contrast and spatial frequency of the 
gratings were set at 30% and 1.6 cycles/degrees of visual angle, respectively, and the 
luminance of the background was 2.5 cd/m2. Each grating was surrounded by a circular 
frame (0.04 cd/m2 luminance). A small black dot (22.2 min arc both in width and height) 
was presented at the center of each grating and the observer was instructed to maintain 
steady fixation upon it during each trial. The circular frame and fixation dot were used to 
maintain stable vergence. These stimuli were chosen from ones that had been piloted with 
healthy younger and older adults to ensure the right combination of physical parameters 
(e.g., size, luminance, line orientation) that minimized piecemeal/mixed rivalry that would 
result in perceiving a blend of the two stimuli at the same time (Blake, O’Shea, & Mueller, 
1992; Kang, 2009) and maximized PD participants’ ability to perceive the gratings. A chin 
rest was used to maintain head stability at a viewing distance of 62 cm. Because the stimuli 
were not particularly bright and were viewed in a dimly lit room, all participants were 
adapted to the lighting conditions of the room for 5–10 minutes before beginning the 
experimental trials. The use of the mirror stereoscope to elicit binocular rivalry precluded 
the recording of eye movements during this experiment, which is a limitation of this 
methodology as noted by Carmel, Arcaro, Kastner, & Hasson (2010).
For the Necker cube, all participants were tested under a passive viewing condition and two 
volitional-control conditions (Hold and Switch). The binocular rivalry experiment (passive 
viewing only) was conducted in a separate session with a subset of 16 PD and 16 NC who 
completed the Necker cube experiment. Like for the Necker cube experiment, for the 
binocular rivalry experiment the PD and NC groups were matched for age, years of 
education, and ratio of women to men. PD included 9 women and 7 men; mean age: 65.8 
years (5.3); mean education: 17.4 years (2.2). NC included 9 women and 7 men; mean age: 
63.9 years (8.3) mean education: 16.6 years (2.5).
2.2.3. Necker cube, procedure—After providing informed consent, participants 
received a comprehensive interview to collect historical and demographic information and 
were screened in regard to inclusion and exclusion criteria. After screening, participants 
completed mood assessments (e.g., BDI-II, BAI and GDS). In order to minimize fatigue 
from the perceptual experiments, these were administered in short sessions alternating with 
the neuropsychological assessments (described below).
Participants were initially presented with two 3-D models of a cube and asked if they had 
seen these types of cubes before. The experimenter then explained that the same cube could 
have different interpretations depending on the viewing angle if the person were to rotate it. 
After viewing the 3-D models, participants were presented with a 2-D graphic of an 
ambiguous Necker cube on an 11″ × 8 ½″ piece of paper and asked whether they could 
perceive the two possible cube interpretations. Once the participant reported both percepts, 
the experimenter showed another 2-D graphic with three cubes: (1) an ambiguous Necker 
cube in the middle, (2) an unambiguous Necker cube denoting the right cube interpretation 
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on the right (right face perceived to be in front), and (3) an unambiguous Necker cube 
denoting the left cube interpretation on the left (left face perceived to be in front). 
Participants were instructed, with the help of these drawings, to report aloud “right” every 
time the cube in the middle resembled the unambiguous cube on the right, and to say “left” 
every time the cube in the middle resembled the unambiguous cube on the left, all while 
maintaining fixation on a cross placed in the middle of the ambiguous Necker cube.
The perceptual experiment began with five 60-second learning trials to ensure reliable 
reporting of perceptual alternations. For the first two practice trials, one graphic 
demonstrating the right cube interpretation and one graphic representing the left cube 
interpretation were placed on either side of the computer monitor to ensure reliable reporting 
of reversals. The graphics were then removed for the last three practice trials. Data were 
collected during all five practice trials for eye movements and behavioral responses of 
reversals.
Following the practice trials, participants were introduced to the Passive condition. Here 
they were instructed to “just look at the cube passively without trying to force any of the 
percepts.” The order of the two volitional conditions was counterbalanced across 
participants. In the Hold condition, participants were instructed to “attempt to hold the lower 
right cube in front as long as possible” for three 60s trials, and “attempt to hold the upper 
left cube in front as long as possible” for the last three 60s trials, all while reporting 
switches. In the Switch condition they were to “attempt to speed up between the two cube 
percepts as fast as possible” (Figure 2). Participants continuously monitored their perceptual 
state and reported perceptual reversals aloud (e.g., “right” for lower right cube or “left” for 
upper left cube) and the examiner pressed the respective key of the computer to record the 
response. The examiner pressed the keys in order to eliminate potential effects of PD motor 
rigidity, tremor and slowness of movement on motor response. Each Passive and Switch 
condition was presented for five 60-second trials and the Hold condition was presented for 
six (three “Hold right” and three “Hold left”) trials of the same duration.
2.2.4. Binocular rivalry, procedure—Participants were initially presented with a 2-D 
graphic of a mirror stereoscope and two gratings on an 11″ × 8 ½″ piece of paper and were 
told that the mirror stereoscope isolates what each eye sees; by the use of the four mirrors 
and a rectangular board dividing the monitor, the left eye sees the image presented on the 
left of the monitor, while the right eye sees the image presented on the right side of the 
monitor. Participants were told that with the arrangement of the two external mirrors, they 
were going to see only one image with alternating lines going either right or left. They were 
then presented with another 2-D graphic with an oblique grating oriented at 45° and an 
otherwise identical oblique grating oriented at 135°. With the help of these drawings, 
participants were instructed to report aloud “right” every time they perceived the 45° 
grating, to say “left” every time they perceived the 135° grating, and to say “mixed” every 
time they perceived a mixed percept or piecemeal rivalry of any kind, all while maintaining 
fixation.
Before the experiment began, we presented the testing gratings with the contrast set to 100% 
to maximize the participants’ ability to report perceptual alternations. Contrast was then set 
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to 30% for all experimental trials. There were two 30-second learning trials to ensure 
reliable reporting. Data were collected during the practice trials for behavioral responses of 
reversals. Following the practice trials, participants were introduced to the Passive 
condition. The instructions were similar to the ones used with the Necker cube experiment. 
The experiment consisted of four 45-seconds trials during which participants continuously 
monitored their perceptual state and reported the switches aloud, while the experimenter 
pressed one of three keys for each verbal response (e.g., right, left and mixed).
2.2.5. Eye tracking and calibration—Before the Necker cube practice trial began, the 
experimenter determined the participant’s eye dominance to begin eye-tracking calibration 
in the dark. The dominant eye was used for the calibration and eye tracking throughout the 
experiments. Calibration consisted of presenting nine fixation points, one at a time, while 
instructing the participant to fixate on the points. For the calibration to be efficient, the 
experimenter needed to locate both the pupil and cornea reflections from the eye. After the 
nine fixation points, the participants were then instructed to fixate in three centered points, 
one at a time. These three points served to calculate the standard deviation of participants’ 
eye movements during their fixation. Once calibration was effective, practice trials began.
2.2.6. Neuropsychological (cognitive) assessment—Participants were administered 
several neuropsychological tests in order to gauge the overall cognitive level of the PD 
group relative to NC, and further to examine whether perceptual rigidity in PD was 
associated with cognitive rigidity. Domains that were assessed included inhibition and 
attentional control (Stroop Color Word Test; Golden, 1978; Stroop, 1935), letter fluency and 
semantic fluency, with semantic including a switch condition (fruit-furniture) (D-KEFS 
Verbal Fluency; Delis, Kaplan, & Kramer, 2001; Delis, Kramer, Kaplan, & Holdnack, 
2004), nonverbal figural fluency (Ruff Figural Fluency Test; Ruff, Light & Evans, 1987), 
attention, working memory, and cognitive flexibility (Trail Making Tests A and B; 
Tombaugh, 2004), abstract reasoning and the ability to shift cognitive strategies in response 
to changing environmental contingencies (Wisconsin Card Sorting Test – 64 Computer 
Version; WCST-64; Kongs, Thompson, Iverson & Heaton, 2000). The key measures of 
cognitive inflexibility were the Stroop interference score, switch fluency, Trail Making Test 
B-A, and the perseverative errors score of the Wisconsin Card Sorting Test.
2.2.7. Personality assessment—Participants were administered the Temperament and 
Character Inventory (TCI) in order to examine the association between several aspects of 
personality, including low novelty-seeking (conceptualized in the literature as personality 
rigidity), and perceptual rigidity as measured by their performance in the Necker cube and 
binocular rivalry experiments. The TCI has 240 items designed to identify the intensity of 
and relations between the seven basic personality dimensions of temperament and character. 
The four temperament dimensions measured are Novelty Seeking (NS), Harm Avoidance 
(HA), Reward Dependence (RD), and Persistence (PS). The three character dimensions 
measured are Self-Directedness (SD), Cooperativeness (CO), and Self-Transcendence (ST) 
(Cloninger, Svrakic & Przybeck, 1993). In the present study, we report on the temperament 
dimensions only; there were no group differences for the character dimensions (p>.05 for 
each comparison).
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2.2.8. Statistical analysis—Dominance durations were analyzed for each participant, 
namely the average time in seconds spent perceiving either the left or right cube. Outlier 
trials were identified across participants in each group. Dominance durations above or below 
two standard deviations from the group mean in each condition (Necker cube: Passive, Hold, 
and Switch; Binocular rivalry: Passive) were eliminated from the analysis. For the Necker 
cube experiments, one individual with PD was able to perform under the Passive condition 
only, and another PD was unable to perform the Switch condition. Out of the remaining 
PDs, 1.3% of the data were eliminated (1 out of 78 dominance durations; each mean 
consisting of 5–6 trials). For NC, 6.7% of the data were eliminated (5 out of 75 dominance 
durations; each mean consisting of 5–6 trials). For binocular rivalry, 6.3% of the Passive 
data for each group were eliminated (3 out of 48; each mean consisting of 4 trials). For each 
group, the absolute dominance durations for the Necker cube experiment were then 
normalized to the Passive condition by dividing the mean dominance duration of the Hold 
and Switch conditions by the mean dominance duration of the Passive condition. By 
normalizing the data to Passive, it is possible to compare how participants increased or 
decreased their dominance durations in the Hold and Switch conditions relative to their 
performance in the Passive condition. For both PD and NC, 4.0% of their normalized 
durations were eliminated (2 out of 50). The average number of Switches in the Necker cube 
experiment (e.g., switch rate) was also calculated for each participant. For PD, 2.6% of 
switches were eliminated (2 out of 76). For NC, 6.7% of switches were eliminated (5 out 
75).
For binocular rivalry, perceptual transitions were subdivided into two classes following 
Robertson, Kravitz, Freyberg, Baron-Cohen & Baker’s (2013) study on autism: Switches 
(shift from left to right, or right to left, with or without an intermediate mixed percept) and 
reversals (reversion to the previous percept – left or right – after a mixed percept). No 
outliers were identified for the perceptual transitions during binocular rivalry in either group. 
Mixed-model ANOVAs with group as the between subject factor and condition (dominance 
durations and switch rate) as the within subject factor were used to determine significant 
group differences between PD and NC. Planned independent groups t tests were performed 
to compare the effect of group (NC, PD) on both dominance durations and number of 
switches to further explore group differences.
Our main hypothesis was that relative to NC, PD would show a reduced ability to switch 
between the two possible percepts of the Necker cube. We applied a one-tailed test on the 
main effect of group for this individual planned comparison of the normalized data. Two-
tailed tests were used for all other analyses.
Pearson correlations were used with the neuropsychological (cognitive), personality and eye 
movement data to examine the association between these and performance (dominance 
durations) for the Passive, Hold and Switch conditions. We also correlated performance with 
medication level (LED) and disease severity (UPDRS) in PD, and we examined whether 
there was an effect of eye dominance on performance for either group.
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3. Results
3.1. Necker cube and binocular rivalry: Absolute dominance durations
3.1.1. Passive viewing: Necker cube—PD showed comparable dominance durations to 
NC during Passive viewing. PD reported a perceptual alternation every 5.4s on average 
(standard deviation [SD] 1.6s), and for NC it was every 5.4s (2.4s) (t[48] = .02, p = 1.0).
3.1.2. Passive viewing: Binocular rivalry—Absolute mean dominance durations for 
passive viewing during binocular rivalry are presented in Figure 3. On average, PD patients 
perceived the right grating (45°) for 3.5s (1.3s), the left grating (135°) for 3.1s (1.1s) and 
mixed percepts/piecemeal rivalry for 3.6s (1.4s); NC perceived the right grating (45°) for 
4.9s (2.3s), the left (135°) for 4.9s (1.9s), and mixed for 4.7s (2.4s). A mixed design 
ANOVA with two groups and three conditions revealed a significant main effect of group 
(F[1, 24] = 6.72, p < .02, partial η2 = .22), with PD having shorter dominance durations than 
NC. There was no significant main effect of condition (F(1.51, 36.31) = 0.18, p = .78). The 
interaction between group and condition was also non-significant (F[1.51, 36.31] = 0.45, p 
= .60).
3.1.3. Hold and Switch viewing: Necker cube—During Hold, PD showed an absolute 
dominance duration (M = 8.3s [3.0s]) that was comparable to that of NC (M = 8.7s [4.0s]). 
During Switch viewing, the PD mean dominance duration was 4.4s (2.0s), and for NC it was 
3.3s (1.7s). A mixed design ANOVA with two levels of group (PD-NC) and two levels of 
volitional-control condition (Hold, and Switch) revealed a significant main effect of 
condition (F[1, 43] = 82.10, p <.002, partial η2 = .66), no main effect of group (F[1, 43] = .
21, p = .66), and no interaction (F[1,43] = 2.31, p = .14).
Planned dependent groups t-tests were conducted to determine whether each group was able 
to increase (Hold) or decrease (Switch) their dominance durations compared to their 
performance during Passive viewing. The ability to do so was significant in each case. The 
changes relative to performance under Passive viewing were significant for both groups (PD 
- Hold: t [24] = 4.21, p < .000, partial η2 = .43, 95% CI [1.40, 4.10]; Switch: t[24] = 2.48, p 
<.021, partial η2 = ..20, 95% CI .15, 1.68; NC - Hold: t[21] = 5.39, p < .000, partial η2 = .58, 
95% CI [2.37, 5.35]; Switch: t[21] = 4.06, p < .001, partial η2 = .44, 95% CI [1.00, 3.10]).
3.2. Relative dominance durations: Volitional control conditions normalized to passive 
viewing
For each participant, data were normalized to the Passive condition and volitional 
modulation was calculated as (DX – DP)/DP*100, where DX is the normalized mean 
dominance duration of one of the volitional control conditions (Hold or Switch) and DP is 
the mean dominance duration of the Passive condition. Normalized dominance durations for 
Hold and Switch conditions are presented in Figure 4. Compared to passive viewing, PD 
increased their dominance duration by 60% (58%) during the Hold condition, whereas NC 
showed an increase of 74% (68%). In the Switch condition, PD decreased their dominance 
durations by 21% (32%) compared to the passive viewing, and NC by 37% (29%). A mixed 
design ANOVA, with group as a between-subject factor and condition as a within-subject 
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factor, revealed a significant main effect of condition (F[1,43] = 94.12, p <.002, partial η2 
= .69), a non-significant main effect of group (F[1,43] = .01, p = .94), and no group by 
condition interaction (F[1, 43] = 2.10, p = .16). Planned comparisons revealed that 
individuals with PD were not less able than NC to increase their dominance duration during 
the Hold condition (t [47] = 1.39, p = .18, but were significantly less able than NC to 
decrease their dominance durations during the Switch condition (t[45] = 1.97, p < .03, 
partial η2 = .08, 95% CI [.004, .37]) (one-tailed test for Switch planned comparison, as per 
directional hypothesis).
3.3. Eye movements: deviation from fixation point
To assess the possible influence of eye movements on performance for those participants for 
whom eye movement data were reliable (17 PD, 15 NC), we calculated their ability to 
maintain fixation as the mean deviation from the fixation cross (in degrees of visual angle) 
for each experimental condition. Each participant had three mean deviation scores for 
horizontal eye positions and three mean deviations scores for vertical eye positions, with the 
three scores corresponding to the Passive, Hold and Switch conditions (absolute dominance 
durations). Positive values indicate eye movements to the right of center and above center, 
and negative values indicate left of center and below center, reported as means (standard 
deviations). For horizontal eye positions, PD moved their eyes 1.17° (1.08) left of center 
during the Passive condition, while NC moved their eyes 0.65° (.44) left of center. For the 
Hold condition, PD moved their eyes 0.53° (.71) left of center and NC 0.64° (.69). For the 
Switch condition, PD moved their eyes left of center by 0.24° (.90) and NC by 0.66° (.79). 
For vertical eye positions, PD moved their eyes 0.84° (1.60) above center during the Passive 
condition, while NC moved their eyes 0.11° (1.29) above center. For the Hold condition, PD 
moved their eyes 0.87° (1.42) above center and NC 0.67° (.61). For the Switch condition, 
PD moved their eyes above center by 0.51° (1.66) and NC by 0.92° (.80).
A mixed design ANOVA with three levels for horizontal eye movements (Passive, Hold and 
Switch conditions) and two groups (PD, NC) found no main effect of group (F[1,26] =.01, p 
= .91). The main effect of horizontal eye movement deviation from center (F[1.69, 44] = 
5.25, p < .01, partial η2 = .17) and the interaction (F[1.69, 44] = 4.39, p < .02, partial η2 = .
14) were significant. Both groups showed a tendency to move their eyes left of center. 
Planned independent groups t tests indicated a trend in the horizontal eye movements during 
passive viewing only, with PD, on average, moving their eyes more towards the left than NC 
(t[22.86] = 1.97, p = .06). A second mixed design ANOVA with three levels for vertical eye 
movements and two groups found no main effects (group, F[1,22] = .15, p = .70; condition, 
F[1.49, 32.67] = .81, p = .42) or interaction (F[1.49, 32.67] = 2.68, p = .10).
We also evaluated whether eye movements, specifically the deviation away from the 
fixation cross, impacted participants’ performance during the Passive, Hold and Switch 
conditions of the Necker cube. We found no significant correlations between horizontal eye 
movements and performance by PD (Passive: r = −.17; p = .53; Switch: r = −.23, p = .37) or 
NC (Passive: r = −.46, p = .10; Hold: r = −.41, p = .14; Switch: r = −.43, p = .13), with one 
PD trend for Hold (r = .49; p = .08). There were also no significant correlations between 
vertical eye movement and performance in either group (PD [Passive: r = .20, p = .47; Hold: 
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r = −.16, p = .71; Switch: r = .02, p = .93]; NC [Passive: r = −.30, p = .33; Hold: r = .15, p 
= .64; Switch: r = −.06, p = .85]).
3.4. Association of perceptual performance with eye dominance and with indices of 
disease severity
Eye dominance data were available for 26/28 PD (17 right-eye dominant, 9 left) and 21/26 
NC (13 right-eye dominant, 8 left). Participants with right eye dominance did not 
significantly differ from those with left eye dominance for either group for dominance 
durations on any condition of the Necker and binocular rivalry tasks (all t < 1.8, all p > .
096).
We correlated scores on the indices of PD severity (UPDRS Total scores, LED) with 
dominance durations for Necker cube (3 conditions, alpha of .05/3 = .017) and binocular 
rivalry (3 conditions, alpha of .05/3 = .0167). There were no significant correlations for any 
condition (Table 2).
3.5. Neuropsychological (cognitive) assessment: Association between dominance 
durations and cognitive performance
NC outperformed PD on the Stroop Test: Word, Color, and Color-Word; Semantic Fluency 
(D-KEFS – Animals); Trail Making Test – A; WCST Total Correct Score; and WCST 
Perseverative Responses. No group differences were found on Stroop Interference; Letter 
Fluency (D-KEFS - FAS); Switch Fluency (D KEFS – Switch Condition: fruit-furniture); 
Ruff Figural Fluency (unique designs); Trail Making Test – B; Trails B minus A (scores on 
B corrected by scores on A); or WCST Perseverative Errors (Table 3).
We examined whether there was an association between perceptual performance on the 
Necker cube (absolute dominance durations in Passive viewing or normalized dominance 
durations under Hold and Switch conditions) and cognitive performance. We also conducted 
correlations between binocular rivalry results (passive viewing) and cognitive performance. 
Because we examined several tests of cognition, a conservative alpha of .01 was used to 
assess significance in each case. There were no significant correlations between perceptual 
performance (Necker cube, absolute passive and normalized hold/switch; binocular rivalry, 
absolute passive) and performance on any cognitive test for either the PD or NC group (PD 
Necker cube, all r < .35, all p > .012; NC Necker cube, all r < .38, all p > .08; PD binocular 
rivalry, all r < .46, all p >.10; NC binocular rivalry, all r < .59, all p > .06). There were 
trends in the PD group between durations in the normalized Hold Condition and 
performance on the Stroop Test (Stroop Word: r = −.49, p = .02; Stroop Color: r = −.53, p 
= .012) but not for Stroop Interference, which is the condition of principal interest in regard 
to cognitive flexibility (r = −.18, p = .40).
Besides Stroop Interference, the other three most direct measures of cognitive flexibility 
were switch fluency, Trails B-A, and Wisconsin Card Sorting perseverative errors. We 
examined the correlations of performance on these four tests with each other and found no 
significant results for PD or NC (one trend toward a correlation of Stroop Interference and 
switch fluency for PD, r = .35, p = .087); hence, we used an alpha of .05 to examine the 
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correlations of performance on these cognitive tests with performance on the perceptual 
measures. There were no significant correlations, and just one trend toward a correlation of 
performance of Trails B-A with absolute dominance durations in the passive condition for 
PD (Table 4).
3.6. Personality: Association between dominance durations and personality traits
PD and NC did not significantly differ on any of the temperament dimensions: Novelty 
Seeking (PD mean: 15.7 [5.7], NC mean = 15.7 [6.0]; t[48] = .00, p = .99); Harm Avoidance 
(PD mean: 13.6 [5.0], NC mean = 11.7 [7.3]; t[38.16] = 1.04, p = .30); Reward Dependence 
(PD mean = 16.2 [3.9], NC mean = 15.1 [4.1], t[47] = .90, p = .37); Persistence (PD mean = 
5.5 [2.3], NC mean = 4.8 [2.2], t[48] = 1.04, p = 31). The personality dimensions were not 
correlated with each other for PD or NC (all r < .35, all p > .07) with the exception of Harm 
Avoidance and Persistence in the NC group (r= .46, p= .025).
We examined whether personality was related to bistable perception. Under the Passive 
viewing condition (Necker cube), absolute dominance durations correlated with the score on 
Novelty Seeking in the PD group (r [27] = −.43, p < .03), but not in the NC group (r [21] = 
−.28, p = .22); that is, a lower tendency to seek novelty (more personality rigidity) was 
associated with increased dominance durations in PD (Figure 5). We used Meng’s Z test to 
compare the size of the correlations between absolute dominance durations and Novelty 
Seeking under passive viewing and found that the difference between these correlations was 
not significant (Z = .55, p > .05). For normalized Hold and Switch conditions, there was one 
trend in PD between normalized Hold and Novelty Seeking (r = − .37, p = .08); those PD 
reporting lower novelty seeking tended to hold one percept of the cube. No other 
correlations were significant (all r < .15, p > .37). All correlations used an alpha of .05, as 
the personality dimensions were not correlated except for one as noted above for NC; 
neither Harm Avoidance nor Persistence correlated with dominance durations in this group 
even at alpha of .05.
For binocular rivalry, there was no correlation between dominance durations for either the 
left or right percept and novelty seeking; there was a positive correlation only for (relatively 
uninformative) mixed percepts, in the PD group only (PD, r [15] = .55, p = .03; NC, r [15] 
= .14, p = .60). The difference between the size of these correlations was not significant (Z = 
1.61, p > .05). Correlations for other personality temperaments were not significant for 
either group (r < .29, p > .14).
3.7. Association between cognition and novelty seeking
We examined whether novelty seeking, which was correlated with perceptual flexibility as 
described above, was also related to cognition. There were no significant correlations 
between novelty seeking and performance on any cognitive test for either group (all r < .36, 
all p > .10).
4. Discussion
The present study examined whether rigidity in PD, usually described as motoric, also 
extends to perception, and the possible association between this hypothesized perceptual 
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rigidity and other non-motor rigidities (e.g., cognitive and personality). Supporting our main 
hypothesis that individuals with PD would exhibit perceptual rigidity, they were 
significantly less able than NC to shorten dominance durations under the Switch volitional-
control condition of the Necker cube experiment, relative to passive viewing. The PD group 
showed a different pattern of performance under the passive conditions eliciting higher-
order processing (Necker cube; similar to NC) and lower-order, stimulus-driven processing 
(binocular rivalry; reduced dominance durations in PD relative to NC). The results did not 
support an association in PD between perceptual rigidity and cognitive inflexibility, but did 
support an association between perceptual rigidity and personality, specifically low novelty-
seeking.
4.1. Passive viewing of bistable images: Necker cube (higher-order) vs. binocular rivalry 
(lower-order)
During passive viewing of the Necker cube, PD showed comparable dominance durations to 
NC. For the binocular rivalry experiment, PD perceived all three perceptual images (left and 
right gratings and mixed percepts) for shorter durations than did NC. Our lack of group 
differences during passive viewing with the Necker cube, and shorter dominance durations 
during binocular rivalry, suggest that mild-moderate PD differentially affects the neural 
substrates of higher-level (Necker cube) and lower-level processing of bistable stimuli 
(orthogonal gratings used in the binocular rivalry experiment) (Meng & Tong, 2004). Tong 
(2001) reviewed psychophysical and neuropsychological studies comparing the neural 
substrates associated with binocular rivalry and pattern competition (e.g., Necker cube) and 
concluded that V1 (“monocular visual cortex”) plays an important role in the selection of 
one particular percept during binocular rivalry. In regard to our findings, one possibility is 
that V1 is disinhibited as a result of higher-order cortical (fronto-parietal) dysfunction in PD. 
Without V1 inhibition by other cortical or subcortical areas (Varela & Singer 1987; Wilson, 
Blake & Lee 2001), the switch rate could be taken over by V1, resulting in reduced 
dominance durations per percept.
The dynamics of bistable perception at this level can be shaped by neurotransmitter 
modulation. A study by van Loon, Knapen, Scholte, St. John-Saaltink, Donnre and Lamme 
(2013) demonstrated an association of higher GABA concentrations in visual cortex 
(measured with magnetic resonance spectroscopy, MRS) with slower dynamics on binocular 
rivalry, motion-induced blindness, and structure-from-motion (increased dominance 
durations and reduced number of switches) in healthy young adults; further, use of 
lorazepam (to stimulate GABAA receptors) slowed the dynamics. Of importance, van Loon 
et al. also examined the dorsolateral prefrontal cortex (DLPFC) because of its known role in 
bistable perception in healthy adults and found no association of GABA concentration in 
DLPFC with perceptual dynamics. There is much evidence for abnormalities in multiple 
neurotransmitter systems including GABA in PD (e.g., Huot, Johnston, Koprich, Fox, & 
Brotchie, 2013); of most relevance here is a report of an increase in GABA levels (measured 
by ultra-high field MRS) in the putamen and pons (but not in DLPFC) in mild-moderate PD 
(Emir, Tuite, & Öz, 2012)—the same severity level as assessed in our study. The study by 
Emir et al. found no correlation of GABA levels and disease severity, presumably because 
of the restricted range of severity, mirrored in our study by the lack of correlation of 
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perceptual rigidity with disease severity. These studies together provide evidence for 
heightened GABA levels in PD and higher GABA levels in certain areas (visual cortex, at 
least) being associated with what we describe as perceptual rigidity (reduced number of 
switches under bistable perception); further, the DLPFC, though it has a role in bistable 
perception, is not a site of GABA concentrations that are associated with perceptual 
flexibility. Because we found speeding rather than slowing of perceptual dynamics for 
binocular rivalry in particular, it is unlikely that GABA concentration is high in visual cortex 
at least in the mild to moderate stages of the disease. To our knowledge, GABA levels in 
occipital cortex in PD have not been investigated.
Though there has been little work to date on visual cortex and PD, it may be relevant to note 
that cortical thinning has been observed in the occipital lobe in individuals with PD who 
were similar in disease stage to those we describe here (Tinaz, Courtney & Stern, 2011). A 
related conceptualization is that whereas viewing of bistable figures may require top-down 
attentional control, viewing under conditions of binocular rivalry may be more stimulus 
driven. Specifically, there is evidence from PD that top-down control is impaired but 
stimulus-driven processing may be enhanced (Cools, Rogers, Barker, & Robbins, 2010; 
Sawada et al., 2012).
4.2. Perceptual rigidity in PD relative to NC, revealed through performance on Switch 
condition
Based on clinical studies suggesting the impact of compromised frontal and parietal brain 
areas on bistable perception (McBain et al., 2011; Rucci & Blundo, 1990; Windmann et al., 
2006) as well as studies of healthy adults that implicate similar areas (Knapen et al., 2011; 
Sterzer & Kleinschmidt, 2007), we hypothesized that individuals with PD, relative to control 
adults, would show compromised ability to reduce dominance durations in the Switch 
condition of the Necker cube experiment. The data supported this hypothesis, pointing to the 
potential importance of the fronto-parietal-striatal attentional network for this function in 
PD. A neuroimaging study with healthy young adults has suggested that the basal ganglia, in 
particular the ventral striatum and pallidum, may modulate the activity in the prefrontal 
cortex when a person is confronted with novel stimuli that require switches in attention (van 
Schouwenburg, den Ouden, & Cools, 2010). In another study, de Graaf, de Jong, van Ee, & 
Sack (2011) used repetitive transcranial magnetic stimulation (rTMS) to cause virtual 
lesions in frontal and parietal regions during the passive viewing of a bistable structure-
from-motion stimulus and found that rTMS in the DLPFC impacted the ability of healthy 
young adults to decrease their dominance durations of a bistable stimulus during the Switch 
condition (did not assess Hold). Relevant to PD in particular are the results of a recent 
imaging study that found that those with a higher number of errors on a task assessing the 
ability to distinguish monostable from bistable images showed less activation of frontal and 
parietal hubs of the dorsal attentional network, which is proposed to include the DLPFC, 
posterior parietal cortex, frontal eye fields, and corpus striatum; worse performance on the 
task correlated with the degree of decreased activation in a number of these hubs including 
DLPFC, superior parietal lobule, and frontal eye fields (Shine et al., 2014).
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Researchers are beginning to distinguish the neural substrates for spontaneous (passive) vs. 
controlled viewing of ambiguous stimuli such as the Necker cube (Hold and Switch 
conditions), arguing that performance on these perceptual tasks is supported by different 
brain mechanisms. For example, in the study cited above, de Graaf and colleagues (2011) 
found that rTMS to DLPFC impacted the Switch condition, but rTMS to either frontal or 
parietal regions had no effect on passive viewing (note, there was no Hold condition in this 
experiment). Frässle, Sommer, Jansen, Naber, & Einhäuser (2014) used a combination of 
fMRI with measures of optokinetic nystagmus and pupil size to objectively and 
continuously map perceptual alternations during binocular rivalry (with both static and 
dynamic gratings) in order to assess neural activity while controlling for the confounding 
effects of verbal responses. They found that activation in frontal areas (e.g., middle frontal 
gyrus bilaterally) was absent when young adult observers passively viewed bistable stimuli 
without reporting perceptual alternations, whereas occipital and parietal areas remained 
active. These investigators suggested that frontal activation during binocular rivalry might 
be associated with introspection and verbally reporting a particular percept when passively 
viewing bistable stimuli. Future studies in PD and normal aging should employ imaging 
techniques to investigate whether frontal, parietal, and occipital brain areas are activated or 
deactivated during passive viewing under conditions of the Necker cube and binocular 
rivalry.
4.3. Personality (novelty seeking), cognition, and perceptual rigidity in PD
Previous studies have found that individuals with PD report lower novelty-seeking and 
higher harm-avoidance tendencies than healthy control adults (e.g., Fujii, Harada, Ohkoshi, 
Hayashi, Yoshizawa, 2000; Jacobs, Heberlein, Vieregge, & Vieregge, 2001; McNamara, 
Durso, & Harris, 2008; Menza, Golbe, Cody, & Forman, 1993; Tomer & Aharon-Perez, 
2004). In our study, although PD and NC did not significantly differ in regard to any of the 
TCI personality temperaments, we found a significant association between lower novelty 
seeking and longer dominance durations during spontaneous (passive) viewing (PD group) 
for the bistable Necker cube, and a trend in the same direction for PD for the normalized 
Hold condition. For binocular rivalry, for which we found shorter dominance durations for 
PD than for NC, there was a significant association in PD between lower novelty seeking 
and shorter dominance durations, though only for mixed percepts. In PD, lower novelty 
seeking has been associated with reduced [18F] dopa update in the caudate (Menza, Mark, 
Burn, & Brooks, 1995; Tomer & Aharon-Peretz, 2004). In healthy adults, lower novelty 
seeking has been associated with less grey matter volume in frontal and posterior cingulate 
regions (Gardini, Cloninger, & Venneri, 2009).
Recently, novelty seeking in healthy adults was found to be positively correlated with fiber 
connectivity from the medial and lateral orbitofrontal cortex and amygdala to the striatum, 
but not from the DLPFC and posterior cingulate/retrosplenial cortex to the striatum (Lei et 
al., 2014). This pattern of connectivity may explain why we do not find significant 
correlations between novelty seeking and cognitive flexibility, as the DLPFC has been 
implicated in PD deficits on a number of such cognitive tasks (e.g., Sawada et al., 2012). 
Further, in healthy adults, increased novelty-seeking has been associated with higher 
volumes of caudate and globus pallidus (Laricchiuta, Musella, Rossi, Centonze, 2014) and 
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with more activation of the substantia nigra/ventral tegmental area in response to novel cues 
even in the absence of reward (Krebs, Schott, & Duzel, 2009). In regard to the subcortical 
pathways including amygdala, it may be useful to consider a new conceptualization of 
individuals with PD as being “blind to blindsight”, meaning that whereas they preserve 
conscious vision, they show dysfunction of the phylogenetically older retino-colliculo-
thalamo-amygdala and the retino-geniculo-extrastriate pathways, with attendant visual 
disorders including fragmentation of gaze shifts, slowness of saccades, and prolonged 
fixation time (Diederich, Stebbins, Schiltz, & Goetz, 2014), all potentially relevant to the 
ability to hold and switch percepts of bistable images.
Although novelty seeking correlated significantly with absolute dominance durations for 
PD, but not NC, under passive viewing of the Necker cube, and under the mixed percepts 
condition of binocular rivalry, the difference between the PD and NC correlations was not 
significant in any comparison. These results indicate that the association between novelty 
seeking and perception is not unique to either group. Rather, novelty seeking and the 
perception of bistable images are related in healthy adults as well as in PD, presumably 
because the tendency to switch between aspects of a bistable image depends upon, or at least 
reflects, a more general tendency to favor novelty over sameness. Hence, we surmise that at 
least some of the same structures that have been associated with novelty seeking (e.g., 
caudate, medial and lateral orbitofrontal cortex, amygdala, and substantia nigra/ventral 
tegmental area) are also important for perceptual flexibility.
By contrast, we found no evidence of an association between novelty seeking and 
performance on standard tests of cognitive flexibility including Stroop Interference, switch 
fluency, Trail Making Test B-A, and Wisconsin Card Sorting Test -perseverative errors. 
Similarly, Volpato and colleagues (2009) found no relation in PD between novelty seeking 
and executive function, including cognitive flexibility, whereas they did find significant 
correlations between cognitive flexibility and other aspects of personality (performance on 
Tower of London with Emotional Stability; alternating fluencies with Openness to 
Experience). These investigators suggested that changes in cognition and in some aspects of 
personality in PD may both be expressions of frontostriatal dysfunction, but that novelty 
seeking is not among these aspects of personality. Koerts and colleagues (2013) likewise 
found no association between novelty seeking and cognitive function in PD, including many 
of the same tests of cognition used in our study.
Because there is substantial evidence for cognitive flexibility being associated with 
prefrontal-mediated top-down attentional control, including a reported correlation between 
cognitive-attentional shifting (Trail Making Test) and the ability to distinguish bistable from 
monostable images in PD (Shine et al., 2012), it is incumbent on us to interpret the lack of 
correlation between this aspect of cognition and perceptual flexibility as assessed in the 
present study. As described above, though frontal areas including DLPFC have been found 
to be important to understanding perceptual reversals, there also appears to be a role for the 
parietal and occipital lobes, especially for more stimulus-driven processing (as in binocular 
rivalry), and for multiple areas in regard to novelty seeking (e.g., caudate, medial and lateral 
orbitofrontal cortex, amygdala, and substantia nigra/ventral tegmental area). Though non-
overlapping brain areas may explain the lack of correlation of cognitive and perceptual 
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flexibility, another possibility is differences in the relative sensitivity of perceptual and 
cognitive tasks to mild-moderate PD, or differences in the timing of the emergence of 
rigidities in these domains. PD is often associated with dysexecutive syndrome, but samples 
of individuals in mild to moderate stages of the disease may perform normally on many 
standard tests of cognitive flexibility, as we report here. What we may be seeing in the 
present study is the manifestation of perceptual rigidity (and reduced novelty seeking) early 
in the disease course, before the emergence of deficits in cognitive flexibility. That is, rather 
than perceptual rigidity (or novelty seeking) being unrelated to cognitive rigidity, the former 
may be a harbinger of the latter.
4.4. Limitations of the study
This study was subject to limitations. First, having the examiner record the participants’ 
verbal reports of perceptual state is a source of variability in the reaction time data. This 
design was dictated by the need to accommodate the motoric limitations of individuals with 
PD in regard to response modality; it may be argued that using a motor response would have 
introduced more variability than did our current design. Another potential limitation was that 
we did not provide the option (via key press) for the participant to view the Necker cube and 
choose neither face of the cube as their percept; that is, to allow reporting of a flat image. 
Sometimes participants reported one particular cube percept when in fact they were seeing a 
flat image of the cube. These instances could have introduced noise to the dominance 
duration data by increasing some of the cube durations. In regard to the lack of correlation of 
perceptual and cognitive measures, our assessment of cognitive flexibility was restricted to 
those included in a simultaneous larger study, though it should be noted that those we used 
were widely used, standard measures. It is possible that our perceptual measures (Necker 
cube and binocular rivalry) were more sensitive to perceptual abnormalities than the 
neuropsychological measures were to cognitive impairment in this high-functioning sample.
4.5. Conclusions
The results of the present study indicate that perceptual rigidity occurs in mild-to-moderate 
PD, and that it is not directly associated with performance on certain tests of cognitive 
flexibility. Perceptual rigidity is, however, associated with personality, specifically with 
novelty seeking, suggesting that common mechanisms may give rise to both novelty seeking 
and the ability to explore the perceptually ambiguous world.
In the future, it would be valuable to examine both perceptual and cognitive flexibility 
across a wide range of stages of PD, and to examine individuals longitudinally, to see if (and 
when) correlations emerge between cognitive rigidity and deficits in the volitional control of 
bistable perception. Further, it would be informative to evaluate how individuals with PD 
who have impulse-control disorders perceive bistable figures. This type of patient displays 
enhanced novelty-seeking and therefore may not show perceptual rigidity. Finally, we 
recently reported that use of appropriate low-level visual cues enhanced the ability of 
observers with PD to increase dominance durations during the Hold condition of a Necker 
cube task (which, as shown here, they perform normally) but not to decrease dominance 
durations during the Switch task (on which, as shown here, they exhibit impairments) (Díaz-
Santos, Cao, Mauro, Yazdanbakhsh, Neargarder, & Cronin-Golomb, in press). Because 
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individuals with PD may exhibit visual abnormalities (e.g., Armstrong, 2011; Laudate, 
Neargarder, & Cronin-Golomb, 2013), assessing those with a wider range of visual 
dysfunction than experienced by the participants in our studies might reveal that higher-
order and lower-order processes of volitional control rely differentially on the integrity of 
visual abilities.
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Highlights
• We assessed perceptual rigidity in Parkinson’s disease (PD) and normal control 
adults (NC).
• With bistable stimuli, PD were less able than NC to switch percepts.
• Perceptual rigidity correlated with low novelty-seeking but not with cognitive 
inflexibility.
• Novelty seeking and perceptual flexibility may share neural substrates.
• Perceptual rigidity may be a harbinger of cognitive inflexibility later in PD.
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Figure 1. 
Necker cube stimulus and the two possible percepts: the upper left cube perspective (upper 
left face is perceived in the front) and lower right cube perspective (lower right face is 
perceived in the front).
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Figure 2. 
Binocular rivalry stimulus. When each eye is presented with a different stimulus, instead of 
perceiving a fusion of the two, the observer reports that one percept dominates for a period 
of time, while the other stimulus is suppressed. Then, the other stimulus slowly emerges 
creating a mixed percept in which the participant perceives a fusion of the two stimuli, until 
it reaches complete dominance. This rivalry continues as long as the stimuli are presented to 
the participant.
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Figure 3. 
Absolute dominance durations for binocular rivalry. Mean dominance durations for each 
percept (left grating [135 degrees], right grating [45 degrees] and mixed percepts) during 
passive viewing for individuals with Parkinson’s disease (PD) and normal control adults 
(NC). The groups significantly differed in their dominance durations, PD reporting shorter 
dominance durations for each of the three percepts. Error bars indicate the standard error of 
the mean.
Díaz-Santos et al. Page 25
Neuropsychologia. Author manuscript; available in PMC 2016 March 01.
N
IH
-PA Author M
anuscript
N
IH
-PA Author M
anuscript
N
IH
-PA Author M
anuscript
Figure 4. 
Normalized mean dominance durations of individuals with Parkinson’s disease (PD) and 
normal control adults (NC) under the Hold and Switch conditions, Necker cube. PD were 
significantly less able than NC to decrease their dominance duration in the Switch condition, 
both relative to their performance during passive viewing. Error bars indicate the standard 
error of the mean.
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Figure 5. 
Relation of novelty seeking (TCI subscale total score) to absolute dominance durations 
while passively viewing the Necker cube, PD group. Higher dominance durations during 
passive viewing correlated with lower novelty seeking personality traits.
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Table 2
Pearson correlations between dominance durations by condition and indices of disease severity in the group 
with Parkinson’s disease. No correlations were significant (p=.017).
UPDRS: r UPDRS: p LED: r LED: p
Necker: Passive .14 .49 −.12 .57
Necker: Normalized Hold −.09 .68 −.01 .97
Necker: Normalized Switch −.19 .39 .37 .09
Binocular Rivalry (passive): right grating −.17 .55 −.20 .51
Binocular Rivalry (passive): left grating .17 .55 −.09 .76
Binocular Rivalry (passive): mixed grating −.39 .17 −.48 .10
UPDRS: Unified Parkinson’s Disease Rating Scale, total score; LED: Levodopa Equivalent Dose
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